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INTRODUCTION 

By f a r  t he  most prominent components of a t yp ica l  s h a l e  o i l  a r e  n-alkanes 
and n-alkenes,  which form a homologous s e r i e s  ex tend ing  t o  C30 or beyond. Since 
i t  i s  now c l e a r  t h a t  t hese  molecules a r e  r e a d i l y  converted i n t o  aromatics  and 
branched a l i p h a t i c s  under r e t o r t i n g  c o n d i t i o n s ( l ) ,  it i s  l i k e l y  t h a t  n-alkanes 
and n-alkenes a r e  t h e  major primary products  of kerogen p y r o l y s i s .  Knowledge of 
how they a r e  gene ra t ed  i s  thus  of c r u c i a l  importance t o  o i l  s h a l e  chemistry,  
p a r t i c u l a r l y  v i t h  r e s p e c t  t o  t h e  n a t u r e  of kerogen. 

Although t h e  l i t e r a t u r e  abounds with proposals  f o r  t h e  s t r u c t u r e  of 
kerogen, most a r e  based on the  r e s u l t s  o f  o x i d a t i v e  deg rada t ions (2 ) .  Although 
t h e s e  experiments  provide useful  information about  i nd iv idua l  s t r u c t u r a l  
fragments,  ve ry  l i t t l e  can be learned about t h e  way i n  which they a r e  l i nked ,  
s i n c e  v i r t u a l l y  a l l  func t iona l  groups a r e  converted i n t o  ca rboxy l i c  ac ids .  
Nevertheless ,  i t  is g e n e r a l l y  accepted t h a t  kerogen is composed of both 
a l i p h a t i c  and a r o m a t i c  s t r u c t u r e s ,  with t h e  most convincing evidence fo r  t he  
l a t t e r  coming from s o l i d - s t a t e  13C n u c l e a r  magnetic resonance (NMR) and i n f r a r e d  
s t u d i e s  of  i n t a c t  kerogens and s h a l e s .  

We have made t h e  assumption t h a t  t h e  aromatic  and a l i p h a t i c  moie t i e s  
a r e  a s s o c i a t e d ,  and t h a t  kerogen c o n s i s t s  mainly of n-alkyl chains  a t t ached  t o  a 
l a r g e l y  i n v o l a t i l e  aromatic  (or more l i k e l y  he t e roa romat i c )  nucleus.  On 
p y r o l y s i s ,  t h e  a l i p h a t i c  s i d e  cha ins  a r e  c leaved t o  form o i l ,  whereas most of 
t h e  hydrogen-deficient  nucleus forms coke. To t e s t  t h i s  hypothesis .  we have 
pyrolysed a range o f  appropr i a t e  model compounds, 1 - 5, and compared the 
products  and k i n e t i c s  of t h e i r  decomposition v i t h  d a t a  obtained from o i l  s h a l e s .  

EXPERIMENTAL 

Pyrolyses  were c a r r i e d  out i n  a qua r t z  flow tube enclosed i n  t h e  oven of a 
gas chromatograph. The compounds were t r a n s f e r r e d  i n  a s t ream of helium from an 
evaporat ion chamber h e l d  a t  a temperature  ( u s u a l l y  around 200.C) s u f f i c i e n t  t o  
g ive  a p a r t i a l  p r e s s u r e  of r e a c t a n t  of approximately 150 Pa. The products  were 
c o l l e c t e d  i n  U-tubes immersed i n  l i q u i d  n i t rogen  and analysed by NHR using a 
JEOL GX400 Spec t romete r .  For each compound, t h e  r e s idence  t i m e  was constant  
but t h e  r e a c t o r  t empera tu re  was va r i ed  to  give between 5 and 50% decomposition. 
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A c t i v a t i o n  ene rg ie s  were then  c a l c u l a t e d  from a p l o t  of l og  l c v .  1/T, where X i s  
t h e  f r a c t i o n  decomposed a t  temperature  T ( i n  K). Rate c o n s t a n t s  ( k )  were 
Ca lcu la t ed  from t h e  formula k t  = 2 n(1 -Y) .  So l id  s t a t e  13C spectroscopy 
was performed on a Bruker CXP300 instrument ,  u s ing  t h e  Dixon t o t a l  side-band 
suppres s ion  sequence(3) .  

RESULTS AND DISCUSSION 

Support fo r  t h e  presence of n-alkyl  cha ins  is gained from t h e  h igh  f i e l d  
s o l i d - s t a t e  1 3 C  NMR spectrum of a Condor carbonaceous kerogen (F igu re  1. upper 
t r a c e ) .  The lower t r a c e  is t h e  s o l u t i o n  spectrum of a carbonaceous s h a l e  o i l  
f o r  comparison. P a r t i c u l a r l y  noteworthy is the  correspondence of s i g n a l s  A and 
D between t h e  two s p e c t r a ,  wbich shows t h a t  long n-alkyl  cha ins ,  f r e e  a t  one ( o r  
each )  end,  a r e  p re sen t  i n  t h e  kerogen. 

Information about  t h e  si te of attachment of t h e s e  cha ins  was provided by 
13C NMR examination of t h e  alkene f r a c t i o n  i s o l a t e d  from a Condor o i l .  Although 
t h e  occurrence o f  I-enes i n  s h a l e  o i l s  is wel l  documented, t h e r e  i s  v e r y  l i t t l e  
information on t h e  d i s t r i b u t i o n  of o t h e r  double-bond isomers.  F igu re  2 shows 
t h a t  h igh  f i e l d  13C NHU is an e x c e l l e n t  method f o r  de t e rmin ing  t h i s  
d i s t r i b u t i o n ,  a t  least fo r  t h e  f i r s t  f i v e  o r  s i x  carbons along t h e  chain,  g i v i n g  
c i s / t r a n s  r a t i o s  aa we l l .  -- 

The q u a n t i t a t i v e  d a t a  from t h i s  spectrum were b e s t  i n t e r p r e t e d  as 
i n d i c a t i n g  t h a t  I-enes a r e  i n  f a c t  t h e  i n i t i a l l y - f o r m e d  o l e f i n s  and t h a t  t h e  
double bond then  mig ra t e s  a long t h e  chain.* Thus t h e  t e rmina l  carbon is t h e  
l i k e l y  s i t e  of t h e i r  o r i g i n a l  l i nkage  t o  t h e  kerogen. This  is c o n s i s t e n t  with 
t h e  widespread occur rence  i n  t h e  biosphere of long-chain f a t t y  a c i d s  and,  t o  a 
l e s s a r  e x t e n t ,  primary a l coho l s  and t h e i r  i s o l a t i o n  from t h e  h y d r o l y s i s  of 
kerogens(4) .  We have t h e r e f o r e  based t h e  fol lowing models on t h e s e  t w o  c l a s s e s  
of compounds and used t h e  benzene r i n g  a s  t h e  s imples t  aromatic  nucleus.  

Hexadecyl dodecanoate - 1. This  wax e s t e r  pyrolysed r e a d i l y  between 430 and 
460'C t o  g ive  almost e x c l u s i v e l y  1-hexadecene and dodecanoic ac id .  
S i g n i f i c a n t l y ,  ve ry  l i t t l e  n-undecane was formed. The r e a c t i o n  was shown t o  
be f i r s t  o rde r  by va ry ing  t h e  p a r t i a l  p r e s s u r e  of s u b s t r a t e  between 40 and 
600 Pa; except  a t  t h e  lowest  concen t r a t ion ,  no s i g n i f i c a n t  change i n  t h e  
f r a c t i o n a l  decomposition a t  450'C was  observed.  The c a l c u l a t e d  a c t i v a t i o n  
energy and r a t e  cons t an t  at  450'C a r e  g iven  i n  Table  1, t o g e t h e r  w i th  t h e  
corresponding parameters  f o r  t h e  e v o l u t i o n  of hydrocarbons by p y r o l y s i s  of 
s e v e r a l  o i l  s h a l e s .  As can  be seen,  n e i t h e r  t h e  k i n e t i c s  nor t h e  products  of 
t h i s  r e a c t i o n  correspond we l l  w i th  those  from o i l  s h a l e s .  

Octadecyl benzoate  - 2.  This  e s t e r  decomposed even more r e a d i l y  than  t h e  
p rev ious  compound, g i v i n g  I-octadecene and benzoic  ac id  as almost t h e  on ly  
products .  However, a small  amount of benzene was a l s o  formed, presumably from 
deca rboxy la t ion  of t h e  benzoic  ac id .  Thus, t h i s  compound cannot be cons ide red  a 
good kerogen model. 

Phenyl dodecsnoate  - 3. Phenol ic  e s t e r s  of f a t t y  a c i d s  have been implicated i n  
t h e  s t r u c t u r e  of humic subs t ances (9 )  such as those  de r ived  from l i g n i n s .  I t  was 
t h e r e f o r e  i n t e r e s t i n g  t o  d i scove r  t h a t  a l though phenyl dodecanoate pyrolysed 
r a t h e r  s lowly,  t h e  a c t i v a t i o n  energy f o r  i t s  decomposi t ion i s  similar t o  t h a t  

* dehydrogenation o f  a lkanes  is an  a d d i t i o n a l  pathway(l) ,  l ead ing  t o  a 
s i g n i f i c a n t  p ropor t ion  of o l e f i n s  wi th  a random d i s t r i b u t i o n  of double-bond 
p o s i t  i ons .  
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f o r  Nagoorin carbonaceous s h a l e ,  which con ta ins  l a r g e  q u a n t i t i e s  of l i g n i t i c  
m a t e r i a l s .  Furthermore,  t h e  major products  de r ived  from the  s i d e  chain were 
n-undecane and I-decene (F igu re  3) .  P y r o l y s i s  of pheno l i c  e s t e r s  of a n a t u r a l  
s e r i e s  of c a r b o x y l i c  a c i d s ,  where even numbered cha ins  predominate. should 
t h e r e f o r e  g e n e r a t e  n-alkanes with odd over  even p re fe rence  and 1-enes with a 
leas pronounced even  over odd p re fe rence .  This  is  o f t e n  observed i n  s h a l e  
o i l s .  

Phenyl oc t adecy l  e t h e r  - 4. The decomposition k i n e t i c s  o f  t h i s  compound were 
complicated.  Above about  4 6 0 ' C ,  t h e  r e a c t i o n  appeared to have an a c t i v a t i o n  
energy of less t h a n  200 k J  mol-1, whereas at  lower temperatures  t h e  va lue  
w a s  more than  500 k J  mol-1. Th i s  probably i n d i c a t e s  t h a t  t h e  i n i t i a l  
bond-cleavage i s  n o t  t h e  rate-determining s t e p  below 460'C. but  it may be above 
t h i s  t empera tu re .  The products  were even more complex; t h e i r  chromatogram is 
shown i n  F igu re  4. 

Note t h e  homologous series of n-alkanes dominated by heptadecane, and t h e  
more abundant series of 1-enes.  with 1-octadecene t h e  major compound. Phenol 
and. unexpectedly,  benzaldehyde a r e  t h e  major aromatic  products .  al though 
s t y r e n e  and v a r i o u s  alkylbenaenes i n c l u d i n g  n-heptadecylbenzene were a l s o  
i d e n t i f i e d .  In  a d d i t i o n ,  products  a r i s i n g  from t h e  random s c i s s i o n  of t he  s i d e  
chain o f  4 a r e  p r e s e n t  i n  s i g n i f i c a n t  amounts. 

Although t h e  p roduc t s  and r a t e  o f  decomposition of t h i s  compound correspond 
we l l  t o  t h o s e  of o i l  s h a l e s ,  t h e  complicated a c t i v a t i o n  energy precludes a 
d e c i s i o n  about  i t s  v a l i d i t y  as a kerogen model. 

Decylbenzene - 5. T h i s  compound, which r e p r e s e n t s  t he  s imples t  l i nkage  of an 
a l k y l  cha in  to  a n  a romat i c  r i n g ,  pyrolysed extremely s lowly,  although i t s  
a c t i v a t i o n  energy was v i r t u a l l y  i d e n t i c a l  to those r epor t ed  f o r  t h e  
decomposi t ion of t y p i c a l  o i l  s h a l e s .  The major products  were s t y r e n e ,  t o luene ,  
e thylbenzene and 1-nonene; on ly  very small amounts of n-alkanes were de t ec t ed .  
A s  with t h e  p rev ious  compound, t h e r e  was a l s o  cleavage of carbon-carbon bonds 
a long  t h e  s i d e  cha in .  

CONCLUSIONS 

Of t h e  f i v e  compounds pyrolysed i n  t h i s  s tudy.  only phenyl dodecanoate can 
be considered as a good model o f  kerogen s t r u c t u r e ,  bu t  on ly  fo r  t h e  
carbonaceous s h a l e s .  None of t he  o t h e r  compounds, with t h e  poss ib l e  except ion 
o f  phenyl oc t adecy l  e t h e r ,  adequa te ly  mimicked e i t h e r  t h e  high or low a c t i v a t i o n  
energy p rocesses  of o i l  s h a l e  py ro lyses .  

The n a t u r e  of t h e  h i g h e r  a c t i v a t i o n  energy process  is r a t h e r  i n t r i g u i n g .  
The f a c t  t h a t  roughly equa l  q u a n t i t i e s  of n-alkanes and a lkenes  are generated by 
the  r ap id  p y r o l y s i s  of s h a l e s  and kerogens sugges t s  t h a t  t h e  two c l a s s e s  of 
compounds have a c o m o n  o r i g i n ;  indeed k i n e t i c  data(7.8)  i n d i c a t e  t h a t  a s i n g l e  
r a t e -de te rmin ing  p rocess  is involved i n  t h e  formation of t h e  bulk of t he  o i l .  
We be l i eve  t h a t  t h i s  process  involves  the  gene ra t ion  of primary n-alkyl  r a d i c a l s  
which would then  d i s p r o p o r t i o n a t e  t o  g i v e  equal  q u a n t i t i e s  o f  n-alkanes and 
1-alkenes.  C e r t a i n l y ,  o t h e r  have provided evidence fo r  t h e  involvement of 
r a d i c a l s  i n  kerogen p y r o l y s i s ( l 0 ) .  However, t he  r e a c t i o n  which produces t h e s e  
r a d i c a l s  has  y e t  to be e l u c i d a t e d .  
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TABLE 1 

THE DECOMPOSITION OF MODEL COMPOUNDS AND GENERATION 
OF O I L  FROM SHALES 

ACTIVATION ENERGIES A N T X ~ T C O N S T A N T S  AT 450.c FOR 

Substance 

Hexadecyl dodecsnoate  

Octsdecyl benzoate  

Phenyl dodecanoate 

Phenyl oc t adecy l  e t h e r  

Decylbenzene 

Green River  s h a l e  ( 5 )  

Rundle s h a l e  

Rundle kerogen 

Condor s h a l e  ( 7 )  

Nagoorin carbonaceous s h a l e  (8) 

Act iva t ion  Energy 
k J  mol-l (f 1 a) 

172 f 2 

163 2 

147 7 

s e e  t e x t  

222 f 5 

219 

232 

152 

335 

Rate Constant 
(450'C) s-1 

1 .78  x 10-2 

2 .21  x 10-2 

4 . 2 6  10-3 

4 . 4 5  10-5 

3 . 9 5  10-3 

1 . 6 0  x 10-3 

5.8 x 10-3 ( 6 )  

7 .7  x 10-3 ( 6 )  

1 . 7 3  10-3 

5 .22  x 10-3 
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FIGURE 1: (Upper t r a c e )  75 IdHz C P W  l3C NKR s ectrum of a Condor 
carbonaceous kerogen. (Lower t r a c e )  s o l u t i o n  spectrum Of a 
carbonaceous s h a l e  oil showing s i g n a l s  due t o  A, t e rmina l  methyls 
(C-1); B. C-2; C, C-3; and D, C-4+ of n-a lkyl  c h a i n s ,  and E. 
a romat i c  methyls .  Most of the  sharp  l i n e s  i n  t h e  aromatic 

'(110-160 ppm) a r e  from phenols.  

21 *+I 

region 

1 

FIGURE 2: O l e f i n i c  r eg ion  of 100 Wz 1% NKR spectrum of the  alkene 
f r a c t i o n  from Condor a h a l e  oil. The l a b e l  2 t  ( for  example) r e f e r s  

to s i g n a l s  from s t r a i g h t  cha in  rrans-Z-ene.9. 

336 



FIGURE 3: Reconstructed i o n  chromatogram o f  products  from t h e  
decomposit ion of phenyl dodecanoate:  = n-a lkanes ,  

o I - a l k e n e s .  

- FIGURE 4: Becons truc ted  i o n  chromatogram of products from t h e  
decomposit ion of phenyl o c t a d e c y l  e t h e r ;  + * G ~ H s O ( C H ~ ) ~ C H ~ C H ~ .  
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